Olive latent virus 2 (OLV2), a virus with particle shapes resembling those of alfalfa mosaic alfamovirus (AMV), has four major R N A species, two of which (RNA3 and RNA4) were completely sequenced. RNA3 was a bicistronic molecule containing two clear-cut ORFs, one of which (ORF1) coded for a 36-5 kDa polypeptide with conserved motifs of the ' 3 0 K superfamily' movement proteins and the other (ORF2) encoded a 20 kDa polypeptide identified as the viral coat protein. RNA4, which was a little smaller than RNA3 (2078 nt versus 2438 nt), also differed from RNA3 in a few positions, but its in vitro translation did not produce any protein. By contrast, an additional RNA, 1042 nt in size with strong sequence homology with RNA3 and RNA4, was identified in RNA extracts from infected plants. This RNA, which may be a subgenomic form of RNA3 carrying the coat protein cistron, is apparently encapsidated to a very small extent, or not at all. Comparative computer-assisted analysis of virus-coded protein sequences disclosed homologies suggesting that OLV2 may belong to the family Bromoviridae, but as an entity separated from the currently known genera.
Introduction
Olive latent virus 2 (OLV2), a virus isolated from symptomless olive trees in southern Italy (Savino et al., 1984) has a non-polyadenylated, possibly tripartite ssRNA genome. Similar to alfalfa mosaic alfamovirus (AMV) OLV2 has particles with different shapes, quasispherical ones ca. 26 nm in diameter and bacilliform ones 37-55 x 19 nm ( Fig. 1 b) . It has a single capsid protein species with a molecular mass of ca. 24 kDa. Virions encapsidate seven R N A molecules, four of which have an apparent size of 3300 (RNA1), 2800 (RNA2), 2450 (RNA3) and 2100 (RNA4) nucleotides (nt), and three of which have an apparent size of 500, 300 and 200 nt, respectively (Grieco et al., 1992a) (Fig. 1 a) . OLV2 has no economic relevance and a very limited geographical distribution. H o w it spreads in nature is not known; its possible presence in pollen has not been investigated. The preliminary results of studies on the molecular characterization of OLV2 showed that RNA4 has strong sequence homology with RNA3, but not with R N A 1 and RNA2 (Grieco et al., 1993) . As reported in the present paper, sequencing of RNA3 and R N A 4 has now been completed, providing information on the basis of which the possible taxonomic position of the virus is discussed. The sequence data reported in this paper have been deposited in the EMBL/GenBank database and given the accession numbers X76993 (RNA3) and X77115 (RNA4). 
930
F. Grieco, G. P. Martelli and V. Savino 
R G R N R T Q T E T V Q T V P R Q A Q G I L E L L S S P A A R E A
CT~~~TTGGCC-CGGAGTCC~A~~TA~~T~~CTTTCC-CGA 600 GAGGGCCAAC TCAC TGAAAGTTGACGGTCAGTC-C73TTA~GAGTTCGTCTTGCTCTTTCC~~TCGTATGAGCCC-GTGATTCCG  2100   TTATCATTCTTGCTC~GTATAACGTACGCTTAATTGTGTCAATGGTGTAC TCC43TTCACGAGTTTC CAGACAAAGCATTGAAGGTGGCTCGCC TAGAGCG  2200 GATTGTTTCAGTAGTC CATAAATCTGAATGGGGTGAAGCAGCTATGCTGTGACAAGTTGAGTGGTACTTTAA•CACGAGTCGTCGTTGAGACGCCTGTTC 2300
For legend see opposite.
2438

Methods
Virus source and purification. The OLV2 isolate was the same as used in previous studies (Grieco et at., 1992a (Grieco et at., , 1993 . The virus was propagated in Nicotiana benthamiana from which it was purified as described by Grieco et al. (1992a) . Nucleic acids were extracted from virus preparations fractionated in a sucrose gradient (Gonsalves & Shepherd, 1972) . RNA preparations were analysed by electrophoresis in 1'2 % low melting point agarose and visualized by staining with ethidium bromide. The bands corresponding to RNA3 and RNA4 were excised and the nucleic acid extracted (Sambrook et al., 1989) . Total nucleic acids (TNA) were obtained from infected and healthy N. benthamiana tissues according to White & Kaper (1989) . The presence of a poly(A) tail was checked by chromatography on oligo(dT) cellulose columns, and Northern blot analysis of RNA was carried out as described by Sambrook et al. (1989) .
cDNA synthesis and cloning. The RNA was polyadenylated and oligo(dT)-primed cDNA was prepared according to Russo et al. (1988) . Alternatively, an internal primer complementary to nt 981 to 1002 (primer 1) of RNA3 was prepared. RNA was reverse-transcribed using Moloney murine leukaemia virus RNase H-reverse transcriptase (Superscript, Bethesda Research Laboratories) and cDNA obtained according to the manufacturer's instructions. The cDNA was ligated into SmaI-cut, dephosphorylated pUC18 and cloned in Escherichia coli DH5~t as previously described (Grieco et al., 1992a) . The recombinant clones were identified by colony hybridization using labelled cDNA (Sambrook et al., 1989) .
DNA and RNA sequencing and computer analysis. Small overlapping subclones were produced from the original clones as in Grieco et al. (1989) ; DNA was prepared as in Hattori & Sakaki (1986) and sequenced with T7 DNA polymerase (Sequenase, United States Biochemical). All sequences except for 40 and 10 nt at the 5' terminus of RNA3 and RNA4, respectively, were determined by sequencing DNA clones and subclones in both orientations. The 5' end of RNA3 was sequenced by dideoxy-terminated reverse transcription (Grieco et aL, 1992b) using an internal primer consisting of nucleotides in position 116 to 138 in RNA3 sequence (primer 2). The sequence was assembled and analysed with the DNA Strider Program (Marck, 1988) and with programs from the University of Wisconsin Genetics Computer Group (Devereux et al., 1984) . Comparisons of proteins potentially expressed by OLV2 with the National Biomedical Research Foundation (NBRF) protein database were made with the automatic electronic mail servers FASTP (Pearson & Lipman, 1988) and BLITZ (Smith & Waterman, 1981) . Search for tRNA structure was carried out using the 'tRNA Program' in the GLORIA package of the University of Bari. The PILEUP and LINEUP programmes (Devereux et al., 1984) were used for alignment of amino acid sequences of the 35 kDa and 20 kDa polypeptides of OLV2 with the 3a and coat protein amino acid sequences, respectively, of the following viruses: cucumber mosaic cucumovirus, O and Q strains (CMV-O and CMV-Q, respectively); tomato aspermy cucumovirus (TAV); peanut stunt cucumovirus (PSV); broad bean mottle bromovirus (BBMV); cowpea chlorotic mottle bromovirus (CCMV); brome mosaic bromovirus (BMV); raspberry bushy dwarf virus (RBDV); AMV, strain S and 425 (AMV-S and AMV-425, respectively); tobacco streak ilarvirus, strain WC (TSV-WC), apple mosaic ilarvirus, coat protein sequence (ApMV); red clover necrotic mosaic dianthovirus, coat protein (RCNMV); tobacco mosaic tobamovirus, 30K protein (TMV). The above sequences were from the Protein Information Resource (PIR) database, release 40.0. Cluster dendrograms were produced using the PROTPARS and DRAWGRAM programs from the PHYLIP version 3.4 program package (Felsenstein, 1989) .
Primer extension and in vitro translation analysis. Two oligonucleotides denoted primer 3 (complementary to nt 407 to 426) and primer 4 (complementary to nt 1521 to 1540) of RNA3, respectively, were utilized to determine the 5' ends of both RNA4 and the subgenomic RNA coding for the coat protein. Extension of 5'-32P-labelled primers was carried out as described by Miller & Mayo (1991) , using TNA from infected N. benthamiana and purified virus RNA as template. The products of primer extension were analysed by electrophoresis in an 8 % polyacrylamide gel containing 7 M-urea. The products of sequencing of a plasmid DNA were used as a size ladder.
In vitro translation analysis was performed using a rabbit reticulocyte lysate system (Promega) according to the manufacturer's instructions.
[aSS]Methionine and [ZH]leucine were the radiolabelled amino acids used. CMV RNA specific proteins were synthesized and used as a control. Labelled products were electrophoresed on 18 % polyacrylamide gel and radioactive protein bands were detected on dried gel as described by Burgyan et al. (1986) .
Production of glutathione S-transferase-coat protein fusion protein (GST-CP).
The recombinant clone p 1 OL3-65, corresponding to the 3'-terminal region of RNA3 was digested with DralII and EcoRI, then made blunt ended with T4 DNA polymerase (Boehringer Mannheim). The fragment obtained, 963 nucleotides long, was purified and ligated with T4 DNA ligase (Bethesda Research Laboratories) to SmaIdigested, dephosphorylated pGEX-3X (Pharmacia) and cloned in E. coli strain DH5~. An individual recombinant clone was grown and protein expression induced as in Grieco et al. (1992c) . Aliquots (10 gl) of bacterial culture were resuspended in SDS-buffer, boiled and electrophoresed on polyacrylamide gels as described by Laemmli (1970) . Bacteria containing pGEX-3X without the insert were used as a negative control. Western blot analysis was carried out according to Sambrook et al. (1989) .
Infectivity assay. In order to see whether the coat protein is essential for infectivity [as reported for AMV (Bol et al., 1971) and TSV (van Vloten-Doting, 1975) ], local lesion assays were performed using Gomphrena globosa at the six-leaf stage. OLV2 coat protein was prepared as described by van Vloten-Doting (1975) , whereas RNA preparations were obtained after two cycles of sucrose density gradient centrifugation. Single leaves were inoculated with: (i) 0"1 gg of a preparation containing RNA1, 2 and 3; (ii) 0.1 gg of a preparation containing all four RNAs; (iii) 0-1 lag of RNA 1, 2 and 3 with the addition of 0'005 lag, 0'05 lag or 0.5 lag of dissociated coat protein subunits; (iv) 0"5 lag of purified nnfractionated virus; (v) 0-5gg dissociated coat protein alone. Local lesions were counted 5 days after inoculation. These experiments were repeated three times.
Results
Nucleotide sequence of RNA3 and RNA4
The complete sequence of RNA3 was 2438 nt long ( Fig.   2) . Except for the 40 5'-terminal nucleotides the whole sequence was determined on at least two independent cDNA clones in both orientations. The 3'-terminal sequence was confirmed by the analysis of six different clones containing the artificial poly(A) tail. The first 100 nt at the 5' end were read directly from the RNA and this sequence produced two terminal major 'strong stop' reverse transcription runoff products, as was observed previously with capped RNAs (Ahlquist & Janda, 1984) . The base composition from nt 1 to 150 (31.33 % A, 20% C, 16% G, 32"67% U) had a high U+A content, consistent with leader sequences of other plant viruses (Gallie et al., 1987) .
Computer analysis of the 5' non-coding region (NCR) according to the secondary structure folding program of Zuker & Stiegler (1987) , did not show any significant structure and no repeated sequence blocks were found, contrary to AMV RNA3 (Barker et al., 1983) . Within the 359 nt long 5' NCR, a sequence partially complementary to the 3' end of 18S ribosomal RNA was detected which may have a role in ribosome attachment (Hagenbuchle et al., 1978) . This putative ribosome binding site (nt 322 to 330 in the sequence) was located 19 nt upstream of the starting codon of the first open reading frame (ORF) and could potentially form 11 pairings (out of 18 residues) with the 18S ribosomal RNA 3' terminus. A partial agreement was also found from nt 61 to 73, with the consensus motifs corresponding to the 'box B' recognition sequence of RNA polymerase III promoter (Marsh et al., 1989) . A 71 nt long intercistronic NCR was present. The internal poly(A) tract, a typical feature of bromovirus RNA3 (Ahlquist et al., 1981) was absent, but a high proportion of A residues (over 30 %) was detected. The 3'-terminal NCR was 445 nt in length and showed no poly(A) tail by chromatography on oligo(dT)-cellulose. A computer search for T-terminal tRNA structure gave negative results.
Most of the RNA4 sequence (more than 99 %) was determined from three cDNA clones in both orientations. It was 2078 nt in length and exhibited virtually complete sequence identity with RNA3, except for a few differences (Fig. 2) . No differences were found between the cDNA clones analysed. The 5'-terminal primary structure was determined by primer extension using primer 3 (complementary to nt 407 to 426 of RNA3). Primer extension did not produce two strong stop termination products, suggesting that RNA4 may not be capped. The initial nucleotide was the T residue in the starting codon of the above ORF. This was confirmed by repeating the experiment several times on different RNA preparations.
Potential coding capacity of ORFs identified
Two ORFs potentially encoding proteins of > 10 kDa were identified on OLV2 RNA3 by computer analysis (Fig. 3) . ORF1 started at the first AUG codon located in position 360 and extended to a UAA (ochre) stop codon in position 1371. This ORF potentially coded for a polypeptide of 337 amino acids with an estimated molecular mass of 36471 Da (36K). ORF2 was on a different reading frame and started at the AUG codon in position 1445 and terminated with an UGA (amber) codon in position 1991. The potential expression product was a polypeptide of 182 amino acids with an estimated molecular mass of 19841 Da (20K).
An analysis of the context for translation initiation of the starting codon of ORF1 showed a partial fit with the consensus sequences described by Lutcke et al. (1987) , because of the presence of G in + 4 and C in position + 5. The initiation context of the AUG codon for ORF2 was suboptimal, lacking the G in position + 4, and only partially fitted the consensus because of the C in position + 5 and A positions in -1 and -4 (Lutcke et al., 1987) . Another AUG codon was positioned 18 nt downstream of the former, but it was in a non-optimal translational context. ORF2 was expressed in E. coli as a fusion product with glutathione S-transferase as carrier protein. An extract of total bacterial proteins containing the fusion product was probed in Western blot analysis with an antiserum to OLV2. This gave a clear-cut reaction which was taken as evidence that ORF2 represented the capsid protein cistron. There was no reaction when a total protein extract from E. coli expressing the carrier protein only was used (Fig. 4) nor when Western blot analysis was performed using an antiserum to CMV (not shown).
In RNA4 the first 5'-terminal AUG, located in position 394, was followed by a short O R F which ended with an U G A (opal) codon in position 588. The potential polypeptide encoded was 64 amino acids in length, with a molecular mass of 7082 Da (7K). A small ORF was also found on the negative strand of RNA3. It potentially coded for a polypeptide of 128 amino acids, with a molecular mass of 14394 Da, and was positioned between nt 1364 and 1750 in the ( + ) strand sequence.
In vitro translation of OLV2
In a rabbit reticulocyte lysate, OLV2 RNA stimulated incorporation of labelled amino acids by up to i0 times the amount in the control with no added RNA (not shown). In vitro translation of a mixture of the four larger RNAs yielded three major virus-specific proteins with estimated molecular masses of 110, 90 and 35 kDa (Fig. 5, lanes 2 and 3) . When RNA4 purified by fractionation in 1.2 % low melting point agarose (Sambrook et al., 1989) was translated in vitro, no labelled products were detected (Fig. 5, lanes 4 and 5) .
In vitro translation experiments were repeated five times using either [3H]leucine or [35S]methionine as the radiolabelled amino acid, with the hope of enhancing the detection of the 7K product potentially encoded by RNA4, which contains only the starting methionine in its sequence. This product, however, was never found.
Homologies with other plant viruses
Comparison (made with the FASTP program) of the polypeptide encoded by ORF1 with the proteins of the N B R F protein database revealed a similarity with the P3a protein of CCMV, which is thought to be involved in cell-to-cell movement (Allison et al., 1989) . The similarity was significant, showing 22-8 % identity and 43% conserved similarity (not shown). Significant similarities were also found, using the automatic e-mail server BLITZ, with the P3a protein of BMV, BBMV and C M V . In particular, the G / D motif of the '30K movement protein superfamily' was clearly conserved (seven residues out of eight) in ORF1 of OLV2, as in the BMV P3a protein sequence (Mushegian & Koonin, 1993) . In the ORF2 product a positively charged domain was present at the N terminus as in many viral capsid proteins. However, the lack of cysteine residues made the presence of a 'zinc-finger' domain, as reported for TSV coat protein (Sehnke et al., 1989) , unlikely.
A search with the FASTP program for similarities between the amino acid sequence of ORF2 and the coat protein of other plant viruses, including all sequenced species of the family Bromoviridae, did not yield any significant result. The amino acid sequences of the 36K polypeptide and coat protein of OLV2 were aligned with 3a protein and coat protein sequences of members of the Bromoviridae family, respectively, using the PILEUP program. The unrelated amino acid sequences of RCNMV coat protein and of TMV 30K protein were included as outgroups in the multiple alignment. The results of a clustering analysis on the two sets of aligned sequences are shown in Fig. 6(a, b) . The dendrograms are graphical representations of the relatedness of the sequences: the length of branches is inversely proportional to the degree of homology between sequences, while the order obtained during the multiple alignment analysis corresponds to increasing divergence of protein sequences. The relationship dendrogram relative to CP proteins confirmed that OLV2 CP is related to that of AMV (Fig. 6 a) . Whereas the putative movement protein clustered with the proteins of bromoviruses and cucumoviruses thought to have the same function, it was clearly distant from those of AMV and ilarviruses.
Identification of a putative subgenomic RNA
Northern blot analysis of TNA from infected N. benthamiana plant tissues after hybridization with a ORF2 specific probe detected RNA3, RNA4 and another RNA species of ca. 1000 nt (Fig. 7) . RNA extracted from OLV2-infected plant tissues was therefore used as template for primer extension experiments using primer 4, located 76 nt from the 5' terminus of ORF2 of RNA3. Three major products were obtained, two of which corresponded to the extension of the primer on RNA3 and RNA4, respectively, and the other was a molecule of 144 nt (not shown). None of these products was obtained when RNA from healthy plant tissues was used as template. This result was interpreted as indicative of the existence of a subgenomic RNA 1042 nt in length, with a leader sequence of 48 nt, likely to contain the coat protein cistron. An RNA molecule of about this size was detected in TNA extracts from infected plants but not in RNA extracts from purified virus preparations that had been repeatedly examined by Northern blot analysis, exposing the hybridized blot for up to 5 days (Grieco et al., 1992a (Grieco et al., , 1993 .
Effect of coat protein on viral RNA infectivity
The results of inoculation tests clearly demonstrated that RNA1, 2 and 3 are infectious and that addition of coat protein has no apparent effect on their infectivity. In fact: (i) RNA 1, 2 and 3 preparations induced 69 lesions per leaf (mean of three assays) thus proving as infective as the controls, i.e. unfractionated virus (60 lesions/leaf) and RNA1-4 preparations (61 lesions/leaf); (ii) addition of dissociated coat protein to RNA1-3 preparations did not augment the number of local lesions, regardless of the amount of coat protein added, i.e. 0.005 Ixg (56 lesions/leaf), 0"051~g (51 lesions/leaf) or 0"5 Ixg (62 lesions/leaf); (iii) coat protein alone was not infectious.
Discussion
The results of the present study indicate that RNA3 of OLV2 is remarkably similar in size and structural organization to RNA3 of virus species of the family Bromoviridae (Mayo & Martelli, 1993) . As with all members of this family: (i) OLV2 RNA3 may be capped at the 5' terminus, as indirect evidence seems to indicate (Ahlquist & Janda, 1984) ; (ii) it is bicistronic and codes for proteins that are of the same order of size, and have the same proposed function as those expressed by members of this family (i.e. putative movement protein and coat protein); (iii) similar to Ilarvirus and Alfamovirus species, it apparently lacks a tRNA-like structure at the 3' terminus. The identification of the 36K protein, the expression product of ORF1, as a putative movement protein was based on: (i) similarity with the P3a movement protein of bromoviruses and cucumoviruses, with a level of similarity satisfying the canonical criteria for statistical significance (Doolittle, 1981) , and as expressed by a relationship dendrogram analysis (Fig. 6b); (ii) presence of the G/D motif typical of the 30K movement protein superfamily (Mushegian & Koonin, 1993) .
The 20K protein encoded by ORF2 did not show any significant sequence similarity with proteins expressed by known plant viruses when searched for with the FASTP program. However, several lines of evidence indicate that this product is the coat protein: (i) it was expressed in vitro as a fusion protein with glutathione S-transferase which was specifically recognized by an OLV2 antiserum; (ii) similar to capsid proteins of many viruses, it has a positively charged domain at the N terminus; (iii) it clustered significantly with the capsid protein of AMV when aligned sequences were examined by cluster analysis (Fig. 6a) ; (iv) as with species of the genera Bromovirus and Cucumovirus, it is not essential for infectivity in the absence of RNA4.
From the above, it is evident that OLV2 RNA3 shares similar features with one or the other genus of the family Bromoviridae. There are, however, differences, one of which is the lack of a zinc-finger type domain in OLV2 coat protein, contrary to what is reported for coat proteins of ilarviruses and AMV, for which the zincfinger motif is supposed to be a functionally important sequence (Sehnke et aL, 1989; Sanchez-Navarro & Pallas, 1994) . A further difference is found in the 5" non-coding region, which is unusually long and lacks the repeated sequence blocks that, for instance, occur in AMV, where a 28-30 nt stretch repeated three times plays an important role in replication (van der Vossen et al., 1993) . Nevertheless, the 5' terminal region of OLV2 RNA3 may be implicated in replication and initiation of translation, as suggested by its high A + U content (Ahlquist et al., 1981) , and it shows two sequence tracts that could represent a ribosome binding site and an RNA polymerase III consensus, respectively.
The 3'-terminal non-coding region also has a length that is uncommon for viruses with a tripartite genome and it does not contain any repeated sequence block as in TSV (Cornelissen et al., 1984) , nor any potential hairpin structure as in AMV (Zuidema & Jaspars, 1985) .
The major distinguishing feature of OLV2 is the presence of RNA4, which is produced in large quantity and is encapsidated, but whose biological significance is undetermined. This molecule is co-terminal with RNA3. Although it has a sequence virtually identical to that of RNA3, it does not seem to be a subgenomic form of RNA3 because it apparently lacks coding capacity, as shown by in vitro translation experiments (Fig. 5) . It can be hypothesized that this molecule is either a degradation product of RNA3 caused by a specific nick in its leader sequence, as proposed for AMV (Ravelonandro et al., 1983; Langereis et al., 1986) , or a premature termination product generated during RNA3 (+) strand synthesis that is encapsidated because it contains the encapsidation signal, or it may represent a defective interfering RNA. In any case, OLV2 RNA4 does not seem comparable with RNA4 of members of the Bromoviridae, in which it is a recognized subgenomic RNA for coat protein expression. This likelihood is supported by the notion that a true subgenomic RNA probably responsible for coat protein production occurs in OLV2-infected plants. This RNA, however, was never observed in RNA extracts from unfractionated virus, thus indicating that it is encapsidated in quantities that are below detection level, or that it is not encapsidated at all, as it lacks the right sequence signal. How this subgenomic RNA is produced was not ascertained. In any case, the lack of an internal poly(A) stretch makes the strategy whereby the subgenomic OLV2 RNA is generated different from that used by BMV (Marsh et al., 1988) .
The available information does not allow one to draw ultimate conclusions on the taxonomic position of OLV2 although computer-assisted analyses of protein sequences have disclosed relationships with members of the Bromoviridae family.
Interestingly, OLV2-coded proteins have clear-cut homologies in two distinct directions, i.e. the 36K putative movement protein, but not the coat protein, with comparable proteins of cucumoviruses and bromoviruses, and the coat protein, but not the movement protein with the coat protein of alfamoviruses. Whether this may be indicative of ancient recombination events is difficult to say at the present stage of knowledge. However, we propose to include OLV2 in the family Bromoviridae, but not in one of the existing genera.
